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Solar lighting systems are quickly evolving. Many solar lighting systems are 
very expensive due to the cost of the equipment needed to track the sun. Systems that 
do not use "high-tech" tracking equipment and use no means of electricity to 
transport solar light are known as passive lighting systems. The focus of this research 
is to determine an interface between an existing truncated pyramid concentrator and 
the plastic optical fiber that was chosen as a light transmitting medium. The choice of 
material for the interface was fresnel lenses and double convex lenses. 
It was concluded as a result of this research that a double convex lens 
increased the throughput of the system. The fresnel lenses chosen were not 
appropriate for this experiment. Fresnel lenses should have collected the light and 
then been captured by the double convex to be guided into the plastic optical fiber. 
Even though the use of lenses increased the system throughput, it did not increase the 
throughput by the fifty percent sought over the baseline measurement without lenses. 
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CHAPTER! 
Introduction 
The industrial world is always looking for ways to lower the use and/or cost 
associated with electricity. This is especially true after the electric shortages 
experienced by Californfa in recent years and this year in New York. One route is to 
use the sun as a light source during the daytime hours. The sun is the most efficient 
and constant light source that the Earth possesses. This source has been widely 
disregarded in the past. Daylighting, the use of windows and skylights, have reduced 
the need for electricity, but getting light for interior rooms and overhead illumination 
is not possible with Daylighting, thus it has created a problem. 
During the past decade, research has been completed on the use of"light 
pipes" to carry light to the interior rooms of buildings. These systems have required 
costly equipment in the form of electric lamps and/or sun tracking devices. Because 
of the cost of the equipment, research has been turned toward "passive light" sources. 
Passive light designs are designs that use no electrical means. 
Many of the passive light designs being employed use passive light pipes. 
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The passive hollow pipes consist of an essentially vertical light pipe transport section 
with, at the upper end, some device for capturing natural light while preventing 
entrance of wind and rai~ and, at the lower end, a means of distribution of light within 
the interior (Carter, 2001). 
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Passive light pipes are generally rigid and use some form of metallic reflective 
material to carry light. Attention is being turned toward cheaper and more adaptable 
material for transferring light, such as plastic optical fibers (POF). Plastic optical 
fibers have many advantages, including ease of splicing, good ductility (for making 
bends during the collection and distribution of sun lighting), and a high numerical 
aperture in conjunction with a large core diameter (for easy coupling to light source) 
(Fraas, Pyle, and Ryason, 1983). Plastic optical fiber does not have the same 
efficiency level as glass fiber, but since the fiber is transmitting solar lighting, which 
is non-imaging, the loss is negligible. 
With a passive light system, a collector is placed on the roof of the building to 
capture light. The plastic optical fiber is connected to the collector and piped into the 
building. Once the light has been transmitted into the building, it can be divided up 
for use in multiple rooms. 
Figure 1: The solar collector on the roof gathers sunlight to illuminate the building; 
inside the building are light pipes to transport the light to each room (Adapted by 
Michael Cates, 2002). 
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General Area of Concern 
Sun light is a virtually inexhaustible source of energy that is "renewable" daily 
and will not become as quickly depleted as fossil fuels. Passive and active solar 
systems can be added to a building to utilize solar energy from the sun. Buildings 
need to be designed to make use of the sun's natural light. Windows provide light for 
the perimeter of buildings while atria, light-shelves and light-pipes, can transmit 
daylight into the interior of buildings. The utilization of solar lighting can result in a 
forty percent (40%) energy savings (Baird, 1993). 
Passive systems are systems that do not use electrical means to distribute 
captured light. Light-piping is very efficient because the medium for transporting the 
light is designed for total internal reflection. Total internal reflection means that no 
light will be absorbed during transport. Passive light-piping systems are designed to 
add features that windows and skylights are not able to deliver, such as overhead 
illumination and interior illumination. 
Significance of the Study 
About twenty-five percent (25%) of all electricity used in the United States is 
used for lighting (Tao & Janis, 1997). Solar energy has many advantages over 
electricity. It is readily available, renewable (in comparison to fossil fuels), and has 
no negative environmental effects such as damage to the ozone layer. Solar light has 
been used for centuries as a lighting source with the use of windows and skylights. 
The use of solar energy as an alternative lighting and energy source has been 
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regulated to the back burner because of the expense and low efficiency of the 
equipment needed to capture and transport light. 
With the advent of new technologies, such as optical fiber, more research is 
being directed to the use of solar energy. To appreciate the value of sunlight by 
comparing two different solar energy systems, Fraas et al (1983) stated: 
In the first system, solar cells capture sunlight at a desert utility site and 
convert it to electricity with an efficiency of I 0%. Then the electricity is 
routed through electrical cable to a building. In the building, the electricity is 
converted back to light with an efficiency of20%. For this system, only 2% 
of the solar energy is delivers as useful illumination energy. For the second 
system, imagine that the sunlight is captured on the building roof and 
concentrated and routed with optical cables to overhead lamp fixtures with a 
50% transmission loss. This second system delivers the solar energy with an 
overall efficiency of 50%. The sunlight is used twenty-five times more 
efficiently in the second system. (p. 578) 
Whenever a new technology looks to replace or supplement an old and/or 
established technology, the question of cost will automatically result. To get a grasp 
on the economic feasibility, the size of a normal room needs to be determined and 
how much energy would be used for a normal size room. 
In a laboratory setting, it has been fqund that it takes about 320 watts of 
fluorescent lighting to illuminate IO square meters (Fraas et al., 1983). According to 
Grise and Patrick (2002), a normal size room is approximately 35 square meters. 
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Thus, for 35 square meters 1120 Watts would be needed (Grise and Patrick, 2002). 
Using a collecting lens that will light 1.67 m2, the collector would displace 1.6 kW of 
electrical power. For Kentucky residents, this would equal approximately $120 per 
year (Grise and Patrick, 2002). 
Statement of the Problem 
The purpose of this thesis is to determine an adequate interface between a 
truncated pyramid concentrator and the plastic optical fiber (POF) that is being used 
as the light-transferring medium. This study is an attempt to use lenses as a 
concentrating interface to improve light throughput. A lens interface is suggested 
between the concentrator and the plastic optical fiber because the concentrator outlet 
is a large rectangular shape (minimum of one inch by one inch) in comparison to the 
round plastic optical fiber light medium ( diameter of 0.5 inches). The lens interface 
between the concentrator and the fiber is hoped to improve the system throughput by 
50% over the same system without the lens interface. The system is defined by the 
top of the concentrator to the output of the plastic optical fiber. 
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Research Questions 
In this research, thtee questions are going to be answered regarding the use of 
lenses as an effective adapter between a truncated pyramid concentrator and the 
plastic optical fiber (POF) that is used as a transmission medium for solar lighting: 
I. How does bending of the plastic optical fiber affect the output lux? 
2. What is the throughput without the use oflenses between the 
collector and the transmission medium? 
3. Will the use oflenses improve the system throughput? For 
example: number oflenses, types oflenses, and the placement of 
the lenses between the concentrator (collector) and the fiber 
(transmission medium) will tend to help the throughput? 
Definition of Terms 
• Candela: The candela ( abbreviation, cd) is the standard unit ofluminous 
intensity in the International System of Units (SI) (Word Reference.com, 
2003). 
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• Steradian: The steradian (symbolized sr) is the Standard International (SI) 
unit of solid angular measure. There are 4 pi, or approximately 12.5664, 
steradians in a complete sphere (Word Reference.com, 2003). 
• Lumen: The lumen (symbolized Im) is the International Unit ofluminous 
£ It is defined in terms of candela steradians (cd multiplied by sr). One 
lumen is the amount oflight emitted in a solid angle of 1 sr, from a source 
that radiates to an equal extent in all directions, and whose intensity is I cd 
(Word Reference.com, 2003). 
• Lux: The lux (symbolized Ix) is the unit ofilluminance in the International 
System of Units (SI). It is defined in terms oflumens per meter squared 
(lm/m2). The lux is a small unit. An alternative unit is the watt per meter 
squared (WI m2). To obtain lux when the illuminance in watts per meter 
squared is known, multiply by 683. To obtain watts per meter squared 
when the illuminance in lux is known, divide by 683 or multiply by 
0.00146 (Word Reference.com, 2003). 
• Reflection: The return of light rays forms a surface in such a way that the 
angle at which a given ray is returned is equal to the angle at which it 
strikes the surface (Alward, 2003). 
• Refraction: The bending of an oblique ray oflight when it passes from 
one transparent medium to another (Alward, 2003). 
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• Law of Reflection: The angle ofa reflection equals .the angle or incidence. 
The reflected and incident rays lie in a plane that is normal to the 
reflecting surface (Alward, 2003). 
• Diffuse reflection: Reflection in many directions from an irregular surface 
(Alward, 2003). 
• Critical angle: The minimum angle of incidence inside a medium at 
which a light ray is totally reflected (Alward, 2003). The angle js given by 
Be= sin"1 (n:z/n1) where Be is the angle from the normal, and n1 and n2 are 
the indices ofrefraction of the original and second media, respectively. 
For n2 < n1, a ray incident at an angle greater than Be will undergo total 
internal reflection (Weisstien, 2002). 
• Snell's Law: Snell's law gives the relationship between angles of 
incidence and refraction for a wave impinging on an interface between 
two media with different indices of refraction. The law follows from the 
boundary condition that a wave be continuous across a boundary, which 
requires that the phase of the wave be constant on any given plane, 
resulting in n1sin01 = n2sin0, where 81 and 82 are the angles from the 
normal of the incident and refracted waves, respectively (W eisstien, 
2002). 
llz 
Figure 2: Snell's Law 
• Angle of Incidence: The angle of incidence 8; of a ray or beam is the 
angle measured from the ray to the surface normal (Weisstien, 2002). 
normal 
Figure 3: Angle of Incidence 
• Total Internal Reflection (I'IR): Tota!' internal reflection is the reflection 
of electromagnetic radiation from the interface of medium with larger 
index of refraction n1 with a medium of smaller index of refraction n2 < 
n1when making an angle 81 > sin-1 (n2 / n1) to the normal (Willis, 2001). 
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coating 
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Figure 4: TIR (Adapted from HyperPhysics) 
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• Angle of Reflection: The angle of reflection 8, of a ray or beam is the angle 
measured from the reflected ray to the surface normal. From the law of 
reflection, 81 = 8,, where 8; is the angle of incidence. 8, is measured 
between the ray and a line normal to the surface that intersects the surface 
at the same point as the ray (W eisstien, 2002). 
normal 
Figure 5: Reflection 
• Converging lens: A lens that is thicker in the middle than at the edges and 
refracts parallel rays passing through it to a focus (Alward, 2003). 
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Figure 6: Converging Lens (Adapted from Tom Henderson, 1996-2001) 
• Diverging lens: A lens that is thinner in the middle than at the edges, 
causing parallel rays passing through it to diverge as if from a point 
(Alward, 2003). 
Figure 7: Diverging Lens (Adapted from Tom Henderson, 1996-2001) 
• Numerical aperture: It is a measure of the light gathering power of 
the fiber. It lies between 0 and I . A numerical aperture of 0 
means that the fiber gathers no light (corresponding to OA = 0°). A 
numerical aperture of 1 means that the fiber gathers all the light 
that falls onto it (corresponding to 0A = 90~) (Weisstien, 2002). 
Equation 1 
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• Wavelength: The wavelength ofa wave is the distance between 
corresponding points separated by one period. It is commonly denoted ').., 
and given by A= u/v, where u is the wave speed and v is the frequency 
(W eisstien, 2002). 
• Frequency: The frequency of a wave, oscillation, etc. is the rate at which it 
repeats. The frequency is given in terms of the angular frequency ro by f 
= ( oi2 tr). In terms of the period T, the corresponding frequency is given 
by/= J/T(Weisstien, 2002). 
• Period: The period of an event, wave, etc. is the time it takes to repeat. 
For an event, wave, etc. with frequency f and angular frequency ro, the 
period is given by T = 1/f and T = (2mm). (Weisstien, 2002) 
• Fresnel lens: Faced with the need to construct a large lens for a lighthouse 
of appropriate focal length, but unable to support the large weight of a 
double convex lens of that size, French physicist Augustin Fresnel (1788-
1827) reasoned that it was the surface curvature which gave the focusing 
power. He reproduced the surface curvature of the thick lens in sections, 
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maintaining the same focal length with a fraction of the weight. The lens 
strength in diopters is defined as the inverse of the focal length in meters. 
Besides the glass Fresnel lenses viewed in old lighthouses, large Fresnel 
lenses made from molded plastic are used for certain focusing tasks. The 
optical quality is not sufficient for good imaging because of the scattering 
you get at the junctions between the curved segments, resulting in rings of 
light in the image plane. The index of refraction of the glass, the radii of 
curvature of the surfaces, and the medium in whlch the lens resides 
determines the principal focal length of the lens. It can be calculated from 
the lens-maker's formula for thin lenses (HyperPhysics, 2002). 
t = local leng l 1----f ___ _ 
P = f • I n pow r Pnnc-lpal focal 
• _ ••• ___ • _ _ le ngth 
.......... 
. . .. . . . . . . . . .. 
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Figure 8: Fresnel Lens 
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CHAPTER II 
REVIEW OF LITERATURE 
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In this· chapter, literature concerning the use of solar radiation will be 
presented. A brief history of fiber optics will be discussed. The concept of fiber 
optics will be addressed. Then, some articles and papers relatecl to this thesis will be 
discussed. 
ffistorical Overview 
Solar light from window openings, as a light source for internal spaces, has 
been used to advantage for centuries. With the advent of gas and then electric 
lighting, the sun has been increasingly ignored as a light source. Today concerns 
about the availability of fossil fuels have led to a renewed interest in harnessing the 
power of the sun, a virtual "inexhaustible" and "renewable" natural resource. 
In 1870, John Tyndall used a jet of water flowing from one container to 
another and a beam of light to reveal that light used internal reflection (Goff, 2002). 
As the water flowed between the two containers, Tyndall pointed a beam of sunlight 
at the water. The light appeared to follow a zigzag pattern inside the curved path of 
the water. 
Ten years later, in 1880, William Wheeling, patented a method oflight 
transfer called "piping light" (Goff, 2002). Wheeling's belief was that by using 
mirrored pipes that branched off from a single source oflight, he could send light to 
15 
many different rooms in the same fashion of water through plumbing. "Piping light" 
didn't gain widespread acceptance for several reasons: its ineffectiveness and 
Edison's popularization of the incandescent light bulb. The same year of Wheeling's 
patent, Alexander Graham Bell developed the photophone. The photophone used 
"free space" light to carry the human voice 200 meters. 
The second half of the twentieth century saw an enormous growth in fiber 
optic technology. In the 1950's, the fiberscope was developed. The fiberscope, an 
image-transmitting device, used the first practical all-glass fiber. It was devised by 
Brian O'Brien, Narinder Kapany (the first to coin the term "fiber optics") and 
colleagues at the Imperial College of Science and Technology in London (Goff, 
2002). These early fibers, being all glass, encountered excessive optical losses. 
Because of the losses, scientists were motivated to develop a glass fiber that had a 
separate glass coating. The fiberscope technology has progressed into laparoscopic 
surgery, one of the great medical advances of the twentieth century (Goff, 2002). 
The next important development was laser technology. As a graduate student 
at Columbia University, Gordon Gould brought the idea of using lasers to attention 
(Goff, 2002). Charles Townes and Arthur Schawlow of Bell Laboratories supported 
Gould's thinking in scientific circles. With lasers and its cousin, the light-emitting 
diode (LED), large amounts oflight was directed into a spot tiny enough for fiber 
optics (Goff, 2002). 
The U. S. military was not to be left out. The military used fiber optics for 
improved communications and tactical systems. In the early 1970's, the U. S. Navy 
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installed a fiber optic telephone link aboard the U. S. S. Little Rock. The Air Force 
followed suit by developing its Airborne Light Optical Fiber Technology program in 
1976 (Goff, 2002). 
Commercial use followed shortly. AT&T and GTE installed fiber 
optic telephone systems in Chicago and Boston in I 977. After these successes, fiber 
optics became the standard installation for backbone telecommunications networks. 
Computers were slow to grasp fiber technology, but have now jumped on the wagon. 
Broadcast industries joined in 1980 by broadcasting the Winter Olympics, in Lake 
Placid, New York, by requesting a fiber optic video transmission system for backup 
video feeds. At the 1994 Winter Olympics in Lillehammer, Norway, fiber optics 
transmitted the very first digital video signal (Goff, 2002). 
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Review of Fiber Optics 
Optical fiber has a bandwidth 108 times greater than that of copper and cable 
(Sanger, 2002). For this reason, fiber optics is the new forerunner in the 
telecommunications race. 
Optical fibers are very fine fibers of glass. An example of a fiber optic 
bundle appears in Figure 9. They consist of a glass core and are surrounded by a 
glass "optical cladding." Optical fibers use TIR (Total Internal Reflection) to confine 
light within the core of the fiber. The fibers are very small, about the size ofa human 
hair, and usually are packaged in bundles. 
Figure 9: Bundle of fiber optics (Adapted from Industrial Fiber Optics, Inc.) 
When light travels through fibers, the light reflects according to the refractive 
index of the two materials and the angle of the light. Total Internal Reflection is the 
phenomenon where total reflection occurs (Total Internal Reflection, 2003). To have 
total internal reflection, one of two situations must occur: 
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l . The refractive index of the first medium is greater than the refractive index of 
the second one. 
2. The angle of incidence, 81. is greater than or equal to the critical angle, 0c. 
There are two basic types of fiber optics: multimode fiber and single-mode 
fiber. Multimode fiber refers to the fiber used to carry numerous light rays 
simultaneously. Single mode refers to the fiber used to carry only one light ray at an 
instance over larger distances. 
Multimode fiber can be categorized as step-index and graded-index, while 
single-mode fiber is step-index. Step-index is when the refractive index of the fiber 
steps up as the fiber moves from the cladding to the core, with the individual 
refractive indexes of the cladding and core remaining constant. Graded index fiber is 
where the refractive index changes from the center of the core outwards. 
Mul1lmode Step-mdex Mui• mode Graded Index 
Smglemode 
Figure 10: The basic two types of fiber: single-mode and multimode fiber (Adapted 
from Lennie Lightwave's Guide to Fiber Optics, 2003). 
19 
Plastic optical fiber (POF) is a newer technology. It has the same basic 
properties of glass fiber at a lower cost but its transmission qualities are not as 
precise. According to Nuvitech, LTD (Nuvitech, 1999), plastic optical fiber has some 
of the following properties: 
1. Its diameter is larger than that of other optical fibers. 
The connector, an accessory part, can be manufactured at low cost and 
everyone can easily install it. 
2. It functions well with a visible spectrum range of-350-700nm, which is 
not harmful to the eyes. 
3. It is suitable for local area communication. 
4. It is highly flexible and resistant to vibration or bending, and so can be 
used at limited spaces, high-speed train, vehicles, etc. 
5. It does not absorb heat, and so is suitable for use in illumination of art 
works in display or lighting apparatus at the heat-sensitive 
semiconductor manufacturing plant. 
6. It is not adversely affected by EMI (electromagnetic interference). 
7. It does not conduct electricity, and so can be used in underwater 
illumination (such as fountain) or other special illumination. 
8. It is highly inexpensive in comparison to glass optical fiber. 
Plastic optical fibers are typically made of PMMA [Poly(methyl methacrylate)]. 
PMMA, is a clear plastic, used as a shatterproof replacement for glass. Plastic fibers 
have large diameters, 96% of the cross section is the core, in comparison with glass 
fibers. 
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Figure 11: Comparison of Plastic Optical Fiber (POF) to glass fiber. (Adapted from 
OPTRONICS YET, 2003) 
Review of Literature 
With the electric lighting bill of the United States being around $100 million a 
day, different lighting systems are being encouraged by the DOE (Department of 
Energy). In the U. S., lighting uses 25% of all electricity (Cates, 2003). The demand 
for artificial lighting is at its peak, near 40%, when the sun is at its highest and natural 
light is at its most abundant (Cates, 2003). 
One form of artificial lighting, passive lighting, has been in existence for over 
a hundred years. Until the recently research of effective passive lighting systems has 
been slow. The available technologies have generally not been commercially 
accepted due to cost of equipment. The added value from passive lighting systems 
hasn't been worth the cost. 
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Another artificial form oflighting, "hybrid lighting," has also been 
investigated. Hybrid systems are systems that use both artificial lighting and natural 
lighting. Hybrid systems, for example, will have a lighting fixture in-which sunlight 
is routed through an optical fiber to two of the four bulbs in the fixture. The other 
two bulbs are generally fluorescent. The fixture has sensors that constantly monitor 
the room's light level. For this reason, when the sun goes behind a cloud or night 
falls, the artificial light will supplement the natural light. 
Figure 12: Hybrid lighting fixture. (Cates, 2003) 
Grise and Patrick accomplished research into the feasibility to use optical 
fibers to convey and distribute solar light passively throughout residential/commercial 
structures (Grise and Patrick, 2002). The key purpose of their experiment was to use 
sunlight to reduce the power consumption required for lighting the interiors of 
structures. 
Optical fibers perform a significant part in communications. Plastic optical 
fiber has been "lurking in the background" and is starting to enjoy a greater audience 
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as R & D has given it higher performance to go along with its ease of installation and 
low cost (OPTRONINCS YET, 2003). Plastic optical fiber is more robust and 
cheaper than glass optical fiber. For these reason, designers are starting to use plastic 
optical fiber for safety lighting, background lighting, and medical lighting. Each of 
the afore mentioned applications does not require image resolution, thus the accuracy 
that has been acquired with glass optical fibers in not needed. 
Optical fiber has a nearly lossless transmission of light. Figure 13 and Figure 
14, provided by Grise and Patrick (2002), show the reason for this nearly lossless 
transmission. 
Cladding 
Figure 13: Fiber end, showing the core and cladding (Grise and Patrick, 2002). 
Incident ray in acceptance cone 
9, = Critical angle or angle of total internal reflection 
Figure 14: Angle of total internal reflection (Grise and Patrick, 2002). 
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Total internal reflection occurs when the inner core of the fiber has a higher 
index ofrefraction than the outer cladding. An acceptance cone is can be defined as 
twice the complement of the critical angle. Equation 2 gives the formula for the 
critical angle. 
Equation2 
Loss 
I /~ 
Acceptance 
......._ Incident ray outside acceptance cone 
Figure 15: Effect oflight ray that enters outside acceptance cone of fiber (Grise and 
Patrick, 2002). 
This cone is the area in which light entering the fiber will be totally reflected at the 
interface between the core and the cladding. Another light acceptance measurement 
commonly used is the numerical aperture (Grise and Patrick, 2002). The numerical 
aperture can be found using Equation 3. 
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Equation 3 
One of the other factors that influence total light transmission is due to 
bending. The plastic optical fiber being used in this experiment has a minimum bend 
radius of six times the fiber diameter. It has an acceptance angle of eighty degrees 
(80°). 
Light is considered either collimated or diffuse in optics. A diffuse emits light 
into all angles between ± 90°. Collimated emits light into a narrow pencil or rays, so 
that essentially all rays are parallel to each other (Grise and Patrick, 2002). With 
either of the light sources, light will be lost between the light source and the fiber. 
One way to rectify the loss oflight is to focus the light onto fiber is to use convex 
lenses. A second way to rectify the loss oflight is to use a Fresnel lens to concentrate 
the light. Neither of these is an efficient method because they call for an expensive 
tracking mechanism to locate the light. 
Fiber 
core 
Figure 16: Diffuse light source illuminating a fiber core (Grise and Patrick, 2002). 
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To overcome the limitations of convex and Fresnel lens, Winston and other at 
the University of Chicago developed non-imaging optics. (Grise and Patrick, 2002). 
Non-imaging optics is a field that deals with the optimal transfer of light between a 
source distribution and a target distribution. The most common use of non-imaging 
optics is achieving maximal concentration oflight (Grise and Patrick, 2002). Of 
course, due to the Fresnel laws ofreflection, not all of the rays will become exit rays. 
No system is entirely perfect. For all the rays to be exit rays, a perfect system would 
be required. 
Grise and Patrick decided to use a truncated pyramid design as a concentrator. 
Although this design is not as sophisticated as the more popular compound parabolic 
concentrator (CPC), it is much easier to fabricate reliably. If two sides ofa pyramid 
are considered, as in the figure 10, then a light ray would have a concentration 
according to Equation 4. 
C = D;nc = sin[(2n + l)a + 0 J 
D0 sin(a + 0) 
Equation4 
Where D;nc is the width of the entry aperture, and D0 is the width of the exit aperture. 
Angle a is the half-angle opening of the pyramid, and the angle 8 is the angle between 
the vertical (normal incidence) and the incident light ray. 
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Figure 17: Side view of truncated pyramid showing angular relationship involved in 
estimating concentration ratio (Grise and Patrick, 2002). 
The concentration ratio formula implies that all light rays which undergo up to 
and including n reflections will exit the concentrator. This creates the restriction on 
the angles and number of reflections. That restriction is that after n reflections, the 
light ray will have acquired no more than a 90° angle with respect to the vertical axis 
on the concentrator with Equation 5. 
2(n + l)a + 0 < 90° Equation 5 
To get a certain concentration ratio, n, a, and 0 must be optimized. Equation 6 
shows the relationship between these three values and the size of the concentrator: 
L sin[(211 + 1}7+9]- sin(a+9) 
D0 = 2sina-sin(a+9) Equation6 
The following figure is of the concentrator built by Drs. Grise and Patrick. 
This design had an apex half-angle, a= 10°, a slope height, L = 20", an entrance 
aperture, D = 6.875", and an exit aperture, D0 = l". 
o, 
Figure 18: Truncated pyramid concentrator. 
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Grise and Patrick (2002) used a 75-foot length of0.7 in. diameter plastic 
optical fiber for a transmission medium. Their experiment (2002) showed 23-25% 
attenuation using bend angles up to 90°. Additional experiments showed that 
multiple bends only created slight fluctuations in the intensity of the light transferred. 
A wide range of "light-piping" work exists at present. Most of this work 
consists of expensive tracking mechanisms. Tracking mechanisms will follow the 
light. For example, when using a solar concentrator, a tracking.mechanism would 
follow the sun's progress across the sky so that optimal lighting would be had during 
daylight hours. Passive lighting is becoming niore attractive. A gap exists in the 
present research. 
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Among the future work proposed by Grise and Patrick (2002) was a call for an 
interface adapter between the concentrator and fiber. Because of the diffuse light 
coming out of the fiber, up to 95% of the light escapes by means of scattering before 
reaching the smaller fiber. Grise and Patrick (2002) proposed in their work that a 
good interface would consist of a combination of a non-imaging Fresnel lens· and 
another converging lens. This thesis develops Grise and Patrick's (2002) idea further. 
Chapter III 
METHODOLOGY 
This chapter consists of methods and procedures used in conducting the 
present thesis. The following items are addressed: restatement of the problem, 
restatement of the research questions, research instruments and methods. 
Restatement of the Problem 
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The purpose of this thesis is to determine an adequate interface between a 
truncated pyramid concentrator and the plastic optical fiber (POF) that is being used 
as the light-transferring medium. This study is an attempt to determine the correct 
use of lenses as a concentrating interface. An interface is needed between the 
concentrator and the plastic optical fiber because the concentrator outlet is a large 
rectangular shape (minimum of one inch by one inch) in comparison to the round 
plastic optical fiber light medium ( diameter of o'.5 inches). The interface between the 
concentrator and the fiber will improve the throughput by 50%. The system is 
defined by the top of the concentrator to the end of the plastic optical fiber. 
Restatement of the Research Questions 
In the present Thesis, three research questions are going to be answered 
regarding the plastic optical fiber (POF) as a transmission medium for solar lighting: 
I. How does bending of the plastic optical fiber affect the output lux? 
Assumptions 
2. What is the throughput without the use oflenses between the 
collector and the transmission medium? 
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3. Will the use oflenses improve the system throughput? For 
example: number of lenses, types oflenses, and the placement of 
the lenses between the concentrator (collector) and the fiber 
(transmission medium) will tend to help the throughput? 
The findings of this thesis depend on the following assumptions: 
Limitations 
1. It is assumed that the fluorescent lighting being used in the 
experiments produce an acceptable bandwidth of frequencies in the 
visible light frequencies (350-700 nm). 
2. There will be no outside light interference. Both locations, the 
location for collecting and the location for distribution oflight, will 
be completely ~ealed from outside light. 
There are at least three facto.rs limiting the study: 
1. The lighting used will not show the effect of the motion of the sun 
or the seasonal changes that affect the amount of sunlight available 
for capture. 
2. The size of the facility does not allow for exploration of fiber 
lengths that may be encountered in residential/commercial 
buildings. 
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3. Because of the limit in size of the facility, the length of the fiber 
will be limited to a length appropriate for the experimental facility. 
Research Instrument and Procedure 
The research method consisted of the performance of controlled illumination 
experiments by which the light transmission effectiveness of the proposed system was 
measured. The 0.5-inch diameter plastic optical fiber was chosen because this was 
the same diameter as the Powerhouse PH3000 metal halide optical fiber illuminator. 
Lumenyte manufactures this particular fiber. The fiber consists of a light transmitting 
solid large core, a Teflon® cladding and a black bondable outer jacket (Lumenyte, 
2003). 
,l Light Transmitting Core 
Teflon". Cladding 
Figure 19: Lumenyte SEL End Light Optical Fiber (Lumenyte, 2003). 
Lumenyte's plastic optical fiber that is being used in this experiment has the 
following specifications: 
Table 1 
Lumenyte specifications for SEL 500 (Adapted from LUMENTYE) 
Transmission Loss (attenuation) 
Bend Radius 
Temperature Stability 
Spectral Transmission Range 
Acceptance Angle 
Refractive Index 
Numerical Aperture 
Research Question One 
Less than 1.5% per foot (SEL500) 
Physical Minimum: 6 x fiber diameter 
Recommended: 12 x diameter or 
larger 
Up to 90° C (194° F) 
350-800 nm 
80° 
Core: 1.45 or greater 
Cladding: 1.34 or less 
0.63 
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The first research question regards the determination of the effect bending has 
upon the plastic optical fiber. To accomplish this goal, the 75 feet of available fiber 
was cut into a length of 18 feet for ease of handling while maintaining a length that 
would still to fit the test structure. 
Figure 20: Plastic Optical Fiber (Lumenyte, 2003) 
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The eighteen ( 18) foot piece of fiber was stretched out on a flat surface in 
such a way as to remove all curves (being completely straight). A concrete floor was 
chosen for this purpose because the concrete is easily cleaned. Along the concrete 
floor, an eighteen-foot straight line was marked in chalk. The center of eighteen (18) 
feet, being nine (9) feet, was marked on the line. This mark is where all angles 
originated. Using a large compass and protractor, the floor was marked off at thirty 
degree (30°) increments starting at 0 degrees and incrementing to 180 degrees. A 
diagram of the layout for the bends is shown in Figure 21 . 
Figure 21: The layout of the angles. 
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The fiber required a guiding system. To elaborate, it needed a guiding system 
because most fiber is sold in rolls, so that when the fiber is unrolled it naturally tries 
to keep a curve. The easiest way, with a limited amount of material, to keep the fiber 
from "curling" up was to place the fiber on top of 2x4s with nail guides strategically 
placed to hold the fiber in a straight form. It is best to have two nine feet sections so 
that the fiber can be curved using the point where the boards meet as a pivot point. 
The chalk lines have already been sketched, so it is merely a matter of moving one of 
the board guides along the corresponding chalk line, while leaving the other board 
stationary. 
So as to have a consistent light source, a lamp was used. The lamp used is a 
Powerhouse PH3000 Metal Halide optical fiber illuminator. A picture of this lamp is 
shown in Figure 22. The lamp was placed at the end of the stationary guide with a 
0.25-inch gap between the lamp output and the beginning of the fiber. Refer to 
Appendix A for the complete specifications for the Powerhouse PH3000 Series Metal 
Halide illuminator. 
Figure 22: PH3000 Metal Halide lamp (Lumenyte Corporation) 
35 
A digital lux meter was placed at the non-stationary end of the fiber guide. 
The light meter used in this thesis has a test range of 0 to 200,000 Iux and an accuracy 
of ±2%. It is important that the light meter be placed at the same distances and at the 
same angle for each reading so as to have consistent results. For this reason, the 
digital lux meter was mounted at the end of the non-stationary guide with a 0.25-inch 
spacing between the end of the fiber and the light meter. Also, when taking the 
measurement of the light source, the light meter also needs to be at the same distance 
and angle from the light source at each reading. The results of these tests are given in 
AppendixB. 
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Research Question Two 
The second step of this thesis is to determine the efficiency of the setup 
without the lens interface. To begin this section, a facility constructed for the purpose 
of conducting passive lighting research was utilized. The facility consists of two 8' x 
8' rooms. One room holds the light source, the concentrator, and one end of the 
plastic optical fiber. The second room contains the end of the fiber where the 
transmitted light will emerge. The second room is totally enclosed so that no external 
light can interfere. 
~ ~ I== :I\ ~
DD 
V .~~ 
.I:~ lJ ~~ / 
--
Figure 23: Experimental room setup (Drawing by Nathan Bell). 
The light source is a two lamp fluorescent fixture, shown in Figure 24. The 
bulbs used are forty-eight ( 48) inches long with a power rating of 25 watts each, 
shown in Figure 25. 
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Figure 24: Shoplite Liteway two lamp fluorescent fixture. 
Figure 25: T-12 Fluorescent bulbs. 
The concentrator used was the concentrator built by Grise and Patrick (2002) 
in the initial phase of their research. The design had an apex half-angle, a = l 0°, a 
slope height, L = 20", an entrance aperture, D = 6.875", and an exit aperture, D0 = I" . 
The concentrator is shown in Figure 26. 
I 
Figure 26: Actual truncated pyramid concentrator. 
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For this phase of testing, the plastic optical fiber is placed one inch (1 ") from 
the bottom of the concentrator. So as not to damage the fiber with a stabilizing 
apparatus, the fiber was placed in a piece of conduit that has a ninety-degree (90°) 
bend. The clamp is then placed around the conduit, not the fiber, and thus protecting 
the fiber, particularly the cladding, from damage. The clamp around the conduit is 
shown in Figure 27. 
Figure 27: Fiber in conduit. 
The fiber goes from the concentrator area and is 'piped' into the other room. 
Once in the other room, the fiber trails up a wall and over to the other side of the 
room. The fiber is placed into another length of conduit. The conduit has a thirty-
degree (30°) bend near its end. A digital lux meter is placed 0.25-inches from the end 
of the fiber. For consistency, the conduit and the digital tux meter are mounted to the 
wall. 
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Figure 28: Concentrator 
After the configuration is in place, a dark piece of material is placed around 
the concentrator stand. The purpose of the material is to keep light from entering the 
fiber from external sources. The material around the stand (and the exit of the 
concentrator) is shown in Figure 28. The only desired light to enter the fiber needs to 
originate from the concentrator. The light source is now applied. A reading is taken 
with the digital lux meter at the entrance of the concentrator and at the exit of the 
concentrator. With the entrance and exit readings from the concentrator, the 
concentration ratio can be found. Output readings were taken at one-hour intervals 
over a period of five hours. A picture of the exit of the POF and the digital lux meter 
are shown in Figure 29. This time frame will determine if any fluctuations occur in 
the light source. 
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Figure 29: POF output. 
When performing the experiments, a question was raised about the 
concentrator being centered under only one of the light ballast (at this point two light 
ballast, approximately 2 ½ feet apart, were considered the light source). It was 
suggested that the concentrator be centered between the two light ballasts. When the 
concentrator was placed between the two light ballasts, the output reading became 
extremely low. 
When the rays entering the concentrator are outside a certain angle, the rays 
will "bounce" too many times and change direction and exit out of the entrance. Too 
alleviate this problem, the concentrator was returned to being centered under only one 
ballast and the second ballast was unplugged, thus no longer a part of the equation. 
The results from using two light ballasts and one light ballast are in Appendix C. 
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Research Question Three 
Research question three addresses whether the use oflenses will improve the 
transmission throughput between the collector and the transmission medium. This 
part of the experiment will seek to determine the number oflenses, the types of 
lenses, and the placement of the lenses. This experiment will measure the increase in 
throughput provided by the lens interface to the system. 
At the beginning of the experiment it was thought that a Fresnel lens and a 
convex or double convex lens would be used. The lenses available for the experiment 
included two Fresnel lenses, a convex lens, and a double convex lens. The two 
Fresnel lens, sizes of 6" and 2.6", were purchased from Fresnel Technologies. It was 
decided to use the larger of the two Fresnel lenses. The Fresnel, being made of 
acrylic, can be bent and positioned over the edges of the concentrator so as to 
'capture' as many extreme rays as possible. 
A convex and a double convex, purchased from Edmund Industrial Optics, 
with a focal length of l" were available for the second lens. After experimenting with 
both convex lenses, it was decided to use the double convex lens. Refer to Appendix 
E for complete specifications on all lenses. 
The table holding the concentrator had to be raised to allow space for the 
lenses. After raising the table, the double convex was fixed approximately an inch 
above the plastic optical fiber. The Fresnel needs to be curved so that the lens can be 
placed in a fashion that the outer edges of the lens will go above the bottom of the 
concentrator. 
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Figure 30: Table with adjustable legs. 
After curving the lens in a permanent fashion as far as the material would 
allow, the lens was moved from the highest point to the lowest point possible to 
determine the best position to maximize the output. After adjusting the table to its 
tallest and lowest positions (in positions that will allow both lenses), it was 
determined that the Fresnel lens did not assist in maximizing the light. This 
reasoning came from the fact that when placing both lenses in the configuration, the 
output was not greater than the output found without the lenses. 
After this determination the experiment continued with only the double 
convex lens. The table was set at different heights to determine the best placement. 
It was found that the best place for the stand was the original placement without 
lenses. The table was placed in its original position. As a check, a reading was made 
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without the lens. It proved to be the same as the previous experiment. The lens was 
placed ¼" below the concentrator. This was found to be the best position for the lens 
to obtain optimal throughput. An actual picture of the lens placement is shown in 
Figure 31. 
Figure 31: Lens placement 
Chapter IV 
FINDINGS 
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The purpose of this thesis is to determine the best configuration oflenses 
between a truncated pyramid concentrator and plastic optical fiber. Specifically, the 
research sought to find which configuratiqn of lenses would obtain the greatest 
throughput and determine if the output would increase by at least 50% in comparison 
to the output without the lenses. 
In order to complete this research, the following questions needed to be 
answered: 
1. How does bending of the plastic optical fiber affect the output lux? 
2. What is the throughput without the use.oflenses between the 
collector and the transmission medium? 
3. Will the use oflenses improve the system throughput? For 
example: number oflenses, types oflenses, and the placement of 
the lenses between the concentrator (collector) and the fiber 
(transmission medium) will tend to help the throughput? 
This chapter presents an examination of these three research questions. 
Discussion of Question One 
The first research question to be answered in order to advance in this work 
was how does bending of the plastic optical fiber affect the output lux. In order to 
answer this question, the fiber was placed on a flat surface and bent. The input and 
output lux were recorded and analyzed. The results are summarized in Table 2. 
Table 2 
Results from bend experiment 
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Angle Light Source 30° 60° 90° 120° 150° 180° 
Average 
(lux) 1817 1590 1547 1502 1466 1439 1432 1391 
The recorded results that are shown in the Table 2 show that the larger the 
angle that the fiber is bent, the greater the loss in efficiency. After 90° the loss in 
signal tapers. Lurnenyte has specified that the attenuation for this specific fiber is less 
than 1.5% per foot as shown in Table I. At 18 foot the fiber should ,have an 
attenuation of no more than 27%. Table 2 shows that at the extreme angle of 180°, 
the attenuation was 23.4%. The fiber performed remarkably well. 
Figure 32 is a graph of the angle in degrees verses the output in lux. The 
graph shows that as the angle increases the output decreases, showing an inverse 
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relationship. Past research has shown that the number of bends in the fiber does not 
make a significant difference in the throughput of the fiber (Grise and Patrick, 2002). 
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Figure 32: Output lux versus bend angles. 
Discussion of Question Two 
The second research question for this thesis was to determine the output 
efficiency (throughput) of the plastic optical fiber in its configuration without the use 
of the lens interface. This step of the procedure is necessary because the original 
work did not progress this far. The experiment needed a base line, so as to be able to 
make a comparison - lens interface versus no lens interface. 
As discussed in chapter three, the first round of this experiment had two light 
ballasts as a light source. The readings for this round were taken over a two-day 
period with one-hour intervals. Figure 33 shows the results of the runs performed as 
a percentage with 122 lux representing one hundred percent (100%). Refer to Table 4 
for individual measurements. 
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Figure 33: Percent oflux (with 122 lux = 100%) over time. 
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As discussed in chapter three the light source was reduced to a single light 
ballast. The measurements were taken at one-hour intervals over a fi ve-hour interval. 
It was not necessary to have more than one day since the previous trial had shown 
consistency over a period of time. 
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Figure 34: Output without lens. 
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Figure 34 is a graph of the system's output. A summary of the results appears 
in Appendix F. The average of the five individual readings is 132.2 lux. The top of 
the concentrator had a reading of 495 lux and the bottom of the.concentrator had a 
reading of 1017 lux, giving the concentrator a concentration ratio of2.05. According 
to the previous test, the plastic optical fiber has an efficiency of 76.6%. The overall 
system, with overall starting above the concentrator and ending at the output end of 
the POF, has an efficiency of26.71 %. Refer to Appendix C for the individual 
measurement readings. 
Discussion of Question Three 
The third research question of this thesis was to determine an effective 
configuration oflenses to seek to improve the throughput. The main emphasis was to 
determine a configuration oflenses to improve the output. 
With the lens placed in the position described in chapter 3, measurements 
were taken of the output light intensity. The measurements were taken over a five-
hour period and had an average of 161 lux. The individual measurements can be 
found in Appendix D and the results are summarized in Appendix F. Figure 35 is a 
graph of the measurements. 
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Figure 35: Lux over time. 
49 
2:00 
As shown in Appendix F, the top of the concentrator had a reading of 495 lux 
and the bottom of the concentrator had a reading of IO 17 lux, giving the concentrator 
a concentration ratio of2.05. With an input of 495 tux and an output of 161 lux, the 
overall system has a throughput of 32.53%. The overall system is defined as 
beginning directly above the concentrator to the exit of the POF. 
ChapterV 
Conclusions 
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This chapter discusses the findings of this thesis project. It also gives possible 
future research. 
Conclusion 
This thesis sought to further the research performed by Grise and Patrick 
(2002). The further research proposed was to create an interface between a solar 
concentrator that they had designed and plastic optical fiber. The previous work 
suggested the use oflens as an interface. 
Three research questions were developed to direct this research. The research 
questions were: 
I. How does bending of the plastic optical fiber affect the output lux? 
2. What is the throughput without the use oflenses between the collector 
and the transmission medium? 
3. Will the use oflenses improve the system throughput? For example: 
number oflenses, types oflenses, and the placement of the lenses 
between the concentrator ( collector) and the fiber (transmission 
medium) will tend to help the throughput? 
The following conclusion is presented for each question of the study. 
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Research Question One 
The first research question sought to determine the effect bending had on the 
plastic optical fiber. This showed _what was expected. As the angle of the bend 
increa~es, the output decreases. The output efficiency of the fiber ranged from 87.5% 
for no bend to 76.6% for a 180° (U-shaped). These readings are for a section of fiber 
eighteen (18) feet in length. 
Research Question Two 
The second research question sought to set an experimental baseline. To be 
able to determine if the lens interface would improve the output efficiency of the 
system, measurements needed to be taken so as to be able to make a comparison. The 
light intensity above the concentrator was 495 lux. The light intensity below the 
concentrator was 1017 lux. The output of the entire system was 132.2 lux. With the 
input being 495 lux and the output being 132.2 lux, it was determined that the 
efficiency of the system was 26. 71 %. These results are summarized in Appendix F. 
Research Question Three 
The third research question sought to improve the throughput of the system by 
using a lens interface between the concentrator and the plastic optical fiber. It was 
found that the use a single double convex lens does increase the amount of light 
reaching the end of the system. When referring to the overall system, with the system 
being defined as starting directly above the concentrator and ending at the exit of the 
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POF, an increase of5.82% was found. The 5.82% increase is derived from 
subtracting the 26.71 %, the throughput without the lens interface, from the 32.53%, 
the throughput with the lens interface. These results are summarized in Appendix F. 
Implications 
Given the finding of this research, it is important to examine the implications 
of this study. The study had implications for future research with the use of optical 
software. Optical software has the possibilities of being able to design the best 
theoretical setup. The experiment could then be taken to the facility for the practical 
side. Most optical software has an extensive learning curve and requires a great deal 
of time and patience. 
The Fresnel lenses that were purchased for this experiment were adequate. 
However, if a Fresnel lens of the same size, but a focal length of one inch could be 
found, the system would greatly improve. With the use of other lenses, the optical 
software, and more design time spent with the lens positioning, other lenses may be 
found that will improve the results obtained further. The size of the large Fresnel lens 
was adequate, but its focal length was too large. Also, a wider double convex lens 
with the same focal length may be beneficial to the system, so as to be more flexible 
in capturing the light from the proposed Fresnel lens. This recommendation comes 
from the lens being wider than the concentrator exit. 
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Appendix A: 
Specifications for PH 3000 Illuminator 
Catalog Number: PH3000, PH3100 
System Component: llluminator 
♦ 150Watt Metal Halide-ArcStream"' 
♦ ETL Listed for Dry and Wet Locations 
♦ CSA Listed for Dry and Wet Locations 
♦ CE Marked for Dry and Wet Locations 
♦ Harness-Ready 
♦ Long Lamp Life 
♦ High Efficiency Source 
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DESCRIPTION: The PH3000 Metal Halide harness-ready illuminator is the 
brightest in the PH Series of powerful, efficient Lumenyte light sources. It combines 
the intensity and long life ofH.I.D. lamp technology, advanced reflector design and 
an optional color wheel. The color wheel can be stopped or run continuously or 
controlled via synchronization. The PH3000 series is designed for interior and 
exterior applications without additional enclosure requirements and stays cool to the 
touch with minimal light leakage. It requires a PHP- type harness for all applications 
except twinkle wheels, which use a PH- type harness or a PS-HARN in stranded 
cable applications. 
SPECIFICATIONS: 
Housing Size L: 11.75" (29.8 cm) W: 9.13" (23.2 cm) H: 7.13" (18.1 cm) 
Housing Material Glass Filled Polycarbonate 
Lamp Type Metal Halide High Intensity Discharge Arc Lamp 
Lamp Reflector Custom Designed Dichroic Glass 
Lamp/Reflector Model Number MHL-3000, MHL-4000, MHL-6000 
Lamp Color Temperature 3000°, 4000° and 6000° K Available 
Lamp Wattage 150 Watt (200 Input Watts Maximum for Illuminator) 
Lumen Output 1,450 at 1' (30.5cm) test fiber; 2,155 at port 
Rated Lamp Life 6,000 Hours (Average Manufacturer Specifications) 
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Power Consumption 1.55 Amps@ 120 V / 0.72 Amps @277 V / 0.74 Amps @240 
V 
Ballast Regulated 150 Watt 
Cooling Fan 105 C.F.M. Sealed Bearing Axial, less than 50 decibels 
Weight 18 Pounds (8.2 Kilograms) without options 
Fuse Automatic Thermal Reset Type 
Color Filters Dichroic Glass 
Harness Requirements PHP - Large Core, PH - Twinkle Wheel, PS - Stranded 
Notes: 
1) PH illuminators are air cooled. When installed, adequate ventilation must be 
provided. If the illuminator is to be enclosed, install the LIC Exhaust Duct (DUCT-
PH). 
2) Lamp is extremely hot to the touch. Handle by reflector edges only. Damage can 
occur from the natural oils of hands. 
3) Fiber(s) should exit illuminator straight for at least 12" before large bends. Splice 
to harness fiber should occur on STRAIGHT portion of fiber, not on bend. 
4) Allow 3 to 5 minutes to restart unit after turning it off or after power outage 
condition. 
5) PH3000 illuminators cannot be electrically dimmed. Use ENCORE SERIES 
Illuminator with DMX. 
6) Mount on horizontal plane with aperture sideways or mount vertically with 
aperture downward. Do not mount with aperture upward. 
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AppendixB: 
Trial Runs for Angle Bends 
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Table 3 
Measurements for Bend Angles of Plastic Optical Fiber 
TrialNum. Light Source 00 30° 60° 
I 1817 1590 1544 1501 
2 1819 1591 1545 1503 
3 1818 1588 1551 1501 
4 1817 1591 1547 1503 
5 1816 1590 1548 1502 
Average 1817 1590 1547 1502 
TrialNum. 90° 120° 150° 180° 
1 1465 1440 1432 1390 
2 1466 1439 1433 1392 
3 1467 1440 1431 1392 
' 4 1467 1439 1432 1391 
5 1466 1438 1431 1392 
Average 1466 1439 1432 1391 
Angle 0° 30° 60° 90° 120° 150° 180° 
% Efficiency 87.5% 85.1% 82.7% 80.7% 79.2% 78.8% 76.6% 
Note: All measurements are in lux. The 1817 average was used as I 00% 
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AppendixC: 
System Measurements without Lens Configuration 
Table 4 
First trial run without lens 
Time Dayl 
9:30 122 
10:30 121 
11:30 120 
12:30 120 
1:30 121 
Table 5 
System Measurements without Lens Co,ifiguration 
Time 
9:30 
10:30 
11:30 
12:30 
1:30 
Note: All measurements are in lux. 
Day2 
123 
123 
122 
122 
122 
Measurement 
132 
132 
132 
133 
132 
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AppendixD: 
System Measurements with Lens Configuration 
Table 6 
Measurements with Lens Inte,face 
Time 
11:30 
12:00 
12:30 
1:00 
1:30 
Note: All measurements are in lux. 
Measurement 
162 
161 
160 
161 
161 
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AppendixE: 
Lens Specifications 
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Table 7 
Lens Specifications 
Lens Focal Length Size (Diameter) Thickness 
Fresnel #18.2 152mm 152mm 1.5mm 
Fresnel #21 200mm 63mm 1.5mm 
Edmund #32490 25mm 25mm 8mm 
Edmund #45098 25mm 25mm 8mm 
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Appendix F 
Summary of Experimental Results 
Table 7 
Summary of Experimental Results 
Experimental Setup 
Available lux @Top of 
Concentrator 
Available lux@Bottom of 
Concentrator 
Throughput without Lens 
Interface 
Throughput with Lens 
Interface 
Throughput Improvement 
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Measurement Value 
495 lux 100% 
1017lux 2.05 Concentration Ratio 
132.2 lux 26.71% 
161 lux 32.53% 
32.53%- 26.71% 5.82% 
